Electromagnetic stimuli of spin crossover compounds restricted to UV-vis light irradiation for many years could be recently extended to X-ray excitation. This review covers a large variety of light-induced effects, as well as recent analogues stimulated by X-ray irradiation which have not yet been reviewed. The focus is also on multistable multinuclear spin crossover compounds which are the subject of lively discussions within the spin crossover community. Their spin transition often occurs incompletely and with different switching mechanisms. In this review, we recall a predicted sequential switching induced thermally as well as a concerted stimulation mechanism by light irradiation for these interesting multifunctional materials.
Introduction
More and more systems bearing high-density and high speed data transfer with low power consumption are currently considered in the communication market for the design of future spintronic devices. 1, 2 In this context, coordination compounds presenting spin crossover (SCO) phenomena are currently considered to be potential materials of choice. These compounds are reversibly convertible between a low-spin (LS) state and a high-spin (HS) state by an external stimulus. The stimuliresponsive transition can be triggered chemically (e.g. by solvent, ligand exchange, pH, etc.) as well as physically (e.g. by temperature, pressure or electromagnetic radiation etc.).
3,4
The spin states of these materials can be monitored by a large panel of physical techniques to follow changes in their structural, magnetic, vibrational and most often optical properties. Mössbauer spectroscopy is popularly used for the study of iron compounds since it gives much information on the spin and oxidation states and on the structural features and lifetimes of excited states including relaxation phenom-
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ena. 5, 6 Since the spin state switching of coordination complexes is accompanied by modification of the macroscopic properties of the material (e.g. magnetism, colour, size, etc.), these compounds have gained a lot of interest due to their potential for applications in spintronics, display devices and sensors. [7] [8] [9] [10] [11] [12] Despite their great potential, very few technical applications including such materials are known at presentpossibly limited by problems in handling such complexes on a molecular level (e.g. addressing single molecules, chemical instability, etc.). [7] [8] [9] Solving these issues is currently an important topic in the field of nanoscience with the aim to customize future spintronic devices. [13] [14] [15] [16] In this respect, electromagnetic or even electric excitations are considered the most promising stimuli, compared to thermally induced SCO.
3 In this review, we provide a brief survey of the different SCO stimuli, in particular those induced by visible light and hard-X-rays. 4, 17 We then outline different switching mechanisms of recently discovered multinuclear SCO compounds. 18 The status on ligand induced isomerizations leading to spin state transitions including Ligand Driven Light Induced Spin Change (LD-LISC) 19 and Light Driven
Coordination Induced Spin State Switching (LD-CISSS) 20 was covered in a recent comprehensive review.
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Stimuli of spin transitions -a brief overview The discovery of the possibility to switch the spin state by light in the crystalline state, termed LIESST (Light Induced Excited Spin State Trapping), constituted a milestone, which is currently widely applied in current chemistry. 17 Decurtins et al. by green light irradiation (λ = 514.5 nm) at helium temperatures using diffuse reflectance and 57 Fe Mössbauer spectroscopies. 28 Later, Hauser reported on the back switching effecttermed reverse-LIESST -in which the spin transition from HS to LS was induced by red light irradiation (λ = 820 nm). 29 In both ways electronic excitation to singlet as well as MLCT states with very short lifetimes is followed by a decay to either HS or LS states via several intersystem crossing steps. 29 As the HS → LS transition is highly spin-forbidden and the tunnelling rate is very low, at low temperatures -described by the inverse energy gap law by Hauser et . 38 Yet, LIESST and NIESST are initiated at cryogenic temperatures due to low tunneling rates, which led to the thermal
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Franz Renz is a professor of Inorganic Chemistry at Leibniz Universität Hannover, Germany. His research focuses on coordination chemistry, sequential and concerted stimuli-responsive mono-and multinuclear iron spin crossover materials as well as Mössbauer spectroscopy, e.g. decay of metastable states at higher temperatures, preventing potential room temperature photo-induced spin state switching. Over the last two decades more spin transition effects induced by visible light have emerged, differentiating between light irradiation as a "single" excitation pulse and a continuous exposure. At continuous irradiation all these effects described below are based on the LIESST phenomenon. Whereas stimulation in LITH (Light Induced Thermal Hysteresis) 39 respectively. This phenomenon could be explained by an interplay between HS state light excitation and its increasing thermal decay at higher temperatures. 41, 42 Intermolecular interactions of single molecule switching centres were also identified, thus allowing to ascribe the presence of a LITH to cooperative effects. 39 The LITH thus found its usefulness for the study of noncooperative thermally induced spin conversions of a gradual nature, which were expected to be cooperative. Fe Mössbauer spectroscopy, despite the very smooth character of the SCO curve as concluded from bulk magnetic measurements, which was not expected for a tetranuclear SCO complex (Fig. 1) . 43 A similar cooperative behaviour was observed by Varret et al. by changing the intensity of the irradiated light at a constant temperature. Also similar to LIESST, this hysteresis effect was called LIOH. 39 In comparison with the abovementioned hysteresis effects at cryogenic temperatures, LiPTH and LiPOH 41, 42 are spin transition stimuli at higher temperatures.
Based on the same interplay between HS state excitations by light and thermal decay, the hysteresis behaviour could be manipulated. For instance, the coordination compound [Fe( phy) 2 ](BF 4 ) 2 ( phy = 1,10 phenanthroline-2-carbaldehydephenylhydrazone) shows a thermal hysteresis between 270 K and 280 K, which was shifted to lower temperatures (∼10 K) by continuous irradiation with green light and shifted to higher temperatures by red light. 41 Apart from UV-vis light irradiation, X-ray excitation experiments on SCO materials experienced recently a renaissance. The first excitation effects induced by X-rays were discovered by Collison et al. in 1997, 44 although different kinds of X-ray spectroscopy like XPS or XAFS were earlier used to monitor spin transition in coordination compounds. 45, 46 Collison et al.
have shown that L-edge absorption of X-rays with relatively low energy could be used to stimulate a spin transition at low temperatures. In the so-called SOXIESST (Soft X-ray Induced Excited Spin State Trapping) the HS state could be trapped below a certain temperature by irradiation with soft X-rays, similar to the LIESST effect. Unfortunately the SOXIESST effect is accompanied by SOXPC (Soft X-ray Photochemistry) which causes chemical changes in the investigated SCO compound, [Fe( phen) 2 (NCX) 2 ] (X = S, Se). Over time the compound gets degenerate to an irreversible LS state form which seems to be chemically different from the initial LS ground state. This phase transition, which has not yet been explained fully, is temperature-independent. 44 A SOXIESST effect has also been recently reported for the mononuclear complex [Fe(bpz) 2 ( phen)] (bpz = dihydrobis( pyrazolyl)borate) either adsorbed on Au (111) 47 or in direct contact with a highly oriented pyrolytic graphite surface. 48 Apart from soft X-rays, Vankó et al. were able to stimulate a spin transition in an Fe II compound using high energy X-rays. 49 The so-called HAXIESST (Hard X-ray Induced Spin State Trapping) effect is comparable to the abovementioned effects (LIESST, NIESST and SOXIESST). Although the mechanism has not been evaluated so far, a similar trapping mechanism was discussed. In contrast to NIESST and SOXIESST, a K-shell excitation causes almost no significant structural or chemical transition of the complexes, which gives the HAXIESST effect an enormous advantage for using it in potential applications. The idea of using the large penetration power and spatial resolution of hard X-rays enhances this potential because hard X-rays could theoretically be used to address single molecules or a small 
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This journal is © The Royal Society of Chemistry 2016 number of complexes individually. 49 The HAXIESST effect was discovered in [Fe( phen) 2 (NCS) 2 ] at low temperatures, the very same compound which was investigated for the SOXIESST effect. A maximum amount of 72% of the complex could be converted to the HS state at 10 K by hard X-ray irradiation (Fig. 2) . In this case absorption of high energy photons creates 1s holes, causing following processes to fill these vacancies. Consequently the iron compound gets trapped in the metastable HS state. Triggers for this excitation could be several secondary processes following the electron capture in the 1s orbital (e.g. secondary electrons, scattered electrons, X-ray emission, etc.) but the exact mechanism has not been elucidated so far. Increasing temperature lowers the HS state fraction to 42% at 45 K, while the HS state completely disappears at 55 K (Fig. 2) . 49 The existence of thermal decay at higher temperatures is in accordance with observations in comparable effects like LIESST, NIESST or SOXIESST. In line with LIESST but in contrast to NIESST and SOXIESST, almost no significant chemical changes in the samples were observed, making the effect completely reversible. 49 The preserved integrity of the sample after irradiation with hard X-rays suggests that a hysteresis effect -compared to LITH induced by visible light -could, in principle, exist. The first evidence of a HAXITH, i.e. the determination of a thermal hysteresis loop at continuous irradiation of a SCO compound with hard X-rays at cryogenic temperatures, was discovered by Renz et Compared to the large variety of effects to stimulate a SCO by visible light (e.g. LITH, LIOH, LiPTH, LiPOH) only a few analogues excited by hard X-ray irradiation have been found up to now. Considering the similarity between visible light and hard X-rays as a stimulus, one should be able to observe other spin transition effects induced by hard X-rays (Fig. 3) . For example, a strong field effect similar to SF-LIESST is conceivable and first results of investigations on this phenomenon will be published anytime soon.
Finally, it is worth mentioning the possibility to switch the spin state using electrons, studied by Ruben et al. on an iron(II) mononuclear complex, 53 including the Electron Induced Excited Spin State Trapping (EIESST) first described by Gopakumar et al.
47,56
Concerted or sequential switching in multinuclear spin crossover complexes
In contrast to electromagnetic induced spin transitions which were discussed in the first part of this review mostly on mononuclear SCO systems, the second part focuses on multinuclear complexes showing thermal SCO as well as some interesting photomagnetic effects. Multinuclear SCO complexes have been investigated intensively within the last 15 years, exhibiting promising SCO behaviours for possible applications, in particular binuclear complexes. [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] Compared to spin state switching in mononuclear compounds, multinuclear complexes promise more drastic changes of the macroscopic material properties. For instance, the total amount of unpaired electrons -and therefore the magnetic moment -as well as their coupling could accumulate over all metallic centres, increasing interactions compared to those in mononuclear complexes (e.g. Mössbauer measurements, 79 although later Mössbauer experiments showed that the application of a magnetic field was not always necessary. 80 103 The thermal relaxation after LIESST was found to proceed in two steps, presumably due to different chain lengths in the 1D material. 103 Interestingly, chain length distributions were also taken to be responsible for the two step character of the thermally induced spin transition of [Fe(βAlatrz) 3 ](BF 4 ) 2 ·2H 2 O (βAlatrz = 1,2,4-triazol-4-yl-propionate), the first of its kind for a 1D iron(II) chain with 1,2,4-triazole ligands. 104 The topic was recently reviewed with the focus centred on the LIESST effect on 1D iron(II) 1,2,4-triazole SCO chains. 105 We highlight below some examples of multinuclear SCO systems. Gembický et al. initially described an Fe(II)/Fe(III) mixed valence heptanuclear system, consisting of six Fe(III) pentadentate precursor building blocks and a [Fe(CN) 6 ] 4− centre unit, 106 which could be tuned to a SCO system by Boca et al. (Fig. 4) ( Fig. 5 ) could see its peripheral iron units be thermally switched to LS on cooling as shown by Mössbauer spectroscopy ( Fig. 6a and b) . 107 Interestingly, green light irradiation (λ = 514 nm) induced a partial population of the HS state at 20 K (Fig. 6d) . 17 Despite the similarity to LIESST in mononuclear coordination compounds, the mechanism of multinuclear photonic-stimulated transitions could differ completely. Saadat et al. postulated the existence of a small fraction of Fe II ions in the LS state. Considering the mechanism to achieve such a Fe II LS, they suggested a concerted switching mechanism by light irradiation, which is shown in Fig. 6c . 18 In this particular case they assumed that all Fe and magnets based on the LIESST effect.
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Concluding remarks
In this review article, we have covered different kinds of stimuli to induce spin crossover in iron compounds, focusing on electromagnetic irradiation-induced spin state switching phenomena in mono-as well as multinuclear coordination compounds.
In particular, we have outlined well known effects such as LIESST or LITH occurring in mononuclear complexes as well as their new analogues HAXIESST and HAXITH. In addition, we have predicted other effects such as HAXIOH, HAXIPTH, and HAXIPOH which have not yet been described. Furthermore, we have outlined thermal and light induced spin crossover occurring in multinuclear coordination compounds containing two to twelve metal centres. While the LIESST effect was found in several dinuclear complexes, light stimuli in higher nuclearity complexes often follow an intramolecular electron transfer mechanism. We anticipate that the present report could stimulate investigations on the abovementioned light and X-ray induced phenomena in mononuclear as well as multinuclear switchable coordination compounds. 
